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$0$ o ( ) (Fig. 1). $\mathcal{O}$
$0$ $e_{i}(i=1,2,3)$
$\tilde{O}$
$\tilde{e}_{i}(t)(i=1,2,3)$ $\tilde{e}_{i}(t)=R(t)e_{i},$ $R(t)\in$ SO(3)
$R(t)$ $O$ o $O$ $\overline{O}$ $O$
$t$ Lagrange $a=(a_{1}, a_{2},a_{3})$ $f(a, t)$ $(f(a, 0)=a),$ $O$
$u’= \sum_{i}(\partial f_{i}/\partial t)e_{i}$ o $X(t)$ $\tilde{O}$ $U=dX/dt$,
o $\Omega$ $d\overline{e}_{i}/dt=\Omega\cross\tilde{e}_{i}$ , $\Omega=(1/2)\sum_{i}\tilde{e}_{i}\cross\tilde{e}_{i}$
$U+\Omega\cross\tilde{f}+\tilde{u}’$ $(\tilde{f}=R(t)f,\tilde{u}’=R(t)u’)$ .
1 $O$ $\tilde{O}$ $\{e_{i}\}$ $\{\tilde{e}_{i}\}$ .
Navier-Stokes
$L$ , $U$ , $\omega$
(1) $\sim(3)$
$R_{\omega} \frac{\partial u}{\partial t}+Re(u\cdot\nabla)u=\nabla\cdot\sigma$ (1)
$\sigma=-p1+(\nabla u+(\nabla u)^{T})$ (2)
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$\nabla\cdot u=0$ (3)
$Re$ Reynolds $R_{\omega}$ Reynolds Reynolds $S$ trohal






$R_{S}=\rho_{M}L^{2}\omega/\mu$ $U$ $\Omega$ $I$
3
1.
(1) (2) $Re=R_{\omega}=0$ (3) $R_{S}=0$
1 $T$ $R=1$ $X=0$
( )
$\tilde{O}$ $[0, T]$ $T$ $g(t)$ $f(t)=f(g(t)),$ $g(O)=g(T)=0$
real swimmer virtual swimmer




$M^{V}= \int\rho_{m}f(a, t)\cross\frac{\partial f}{\partial t}(a, t)da=\int\rho_{m}Sf(a, g(t))\cross\frac{\partial Sf}{\partial t}(a,g(t))da=0$ . (5)
$\rho_{m}=\rho_{m}(a, t)$ (5) 3
$\int\rho_{m}Sf(a,g(t))\cross(\omega\cross Sf(a, g(t))+\frac{dg}{dt}S\frac{\partial f}{\partial t}(a,g(t)))da=I^{V}(t)\omega(t)+\frac{dg}{dt}SM^{V}$ (6)




3 $\mathcal{O}$ $I^{V}$ $\omega=0$ , $g(O)=g(T)=0$ $S(t)=1$
( )
$Re=$ $=R_{S}=0$ o $T$ $X(T)=0$ $R(T)=1$
$Re=R_{u}=0$ Stokes [23] [27]
Stokes Stokes Lorentz [19] :
$\int_{\tilde{S}}(n\cdot\tilde{\sigma})\cdot\hat{u}dS=\int_{\tilde{S}}(n\cdot\hat{\sigma})$ . ud$S$ (8)
$(\tilde{u},\tilde{\sigma})$ $(\hat{u},\hat{\sigma})$
$\tilde{S}$ 2




$\hat{\sigma}=\tilde{\Sigma}_{T}\cdot\hat{U}+\tilde{\Sigma}_{R}\cdot\hat{\Omega}$. $\tilde{\Sigma}_{T}$ $\tilde{\Sigma}_{R}$ $\tilde{S}$ 3
(8)
$(\begin{array}{l}FT\end{array})\cdot(\begin{array}{l}\hat{U}\hat{\Omega}\end{array})=\int_{\tilde{S}}(_{n}^{n.}\Sigma_{R}^{\tilde{\sum_{\sim}}}T)$ . $(\begin{array}{l}\hat{U}\hat{\Omega}\end{array})\cdot\tilde{u}dS$ (10)
6 6 K




$R_{S^{\frac{d}{dt}}} (\begin{array}{l}UI\cdot\Omega\end{array})=\tilde{K}(\begin{array}{l}U\Omega\end{array})+\int_{\tilde{S}}(\begin{array}{ll}(n\cdot\overline{\Sigma}_{T})^{T} \tilde{u}’(n\cdot\tilde{\Sigma}_{R})^{T} \tilde{u}’\end{array}) dS$. (13)
real swimmer $\tilde{O}$ 1
2
virtual swimmer $f$ $R$ 2 6 6
$R$ virtual swimmer
$R_{S^{\frac{d}{dt}}} (\begin{array}{ll}U RI^{V}R^{-1} \Omega\end{array})=RKR^{-1}(\begin{array}{l}U\Omega\end{array})+R\int_{\tilde{S}}(_{(n\cdot\Sigma_{R})u}^{(n\cdot\Sigma_{T})_{T}^{T}.u’},)dS$ . (14)
18
$dX/dt=U$ $dR/dt=\Omega\cross R$ virtual swimmer 1 $f(t)$
$\partial f/\partial t=u^{l}$ real swimmer
$R_{S}=0$











$R_{S}\neq 0$ 1 (7)
$R_{S}\dot{U}=-K(t)U+F_{D}(t)$ $K$
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